INTRODUCTION

1
A bacterial flagellum has three parts, a basal body embedded in the cell wall (a 2 rotary motor) and two external structures, a short proximal hook (a universal joint), and 3 a long helical filament (a propeller, polymerized from the protein flagellin). A flagellum is 4 assembled from the inside out, beginning with the MS ring in the cytoplasmic membrane 5 and the C ring in the cytoplasm. A rod connects the MS ring to the hook, and hook-6 associated proteins connect the hook to the filament (12). The axial components are 7 exported by a type III secretion system, each new component added at the end of the 8 growing structure (3, 13). This export is powered by a protonmotive force (14, 15) . Two 9 of the hook-associated proteins couple the hook and the filament, allowing the hook to 10 flex and the filament to rotate rigidly (4), while a third protein caps the distal end of the 11 filament, preventing loss of flagellin and orchestrating its polymerization (7, 20) . The 12 hook associated proteins are exported continuously, appearing in the culture medium, 13 even of wild-type strains, suggesting that caps lost from broken filaments can be 14 replaced (6). 15 In seminal work summarized in 1974, Iino (8) Several years ago, we found that flagellar filaments of Gram-negative bacteria 4 could be labeled with fluorescent dyes in a manner that did not interfere with their 5 motility (18). The original work was done with amino-specific dyes (succinimidyl esters), 6 which also labeled outer cell membranes. A milder and more specific procedure was 7 developed by adding cysteine to flagellin and using sulfhydryl-specific (maleimide) dyes 8 (19) . These methods enabled us to visualize flagellar filaments all the way to the cell 9 surface. By using dyes of different color and measuring the lengths of segments of 10 different color on individual filaments, we now have monitored filament growth. We 11 have found, to our surprise, that E. coli filaments grow in a manner that is independent 12 of their length, not at a rate that is an exponentially decreasing function of length, as 13 commonly supposed (1, 8, 17). We also have confirmed that broken filaments continue 14 to grow, a proposition that has remained in doubt (16). 15 
16
MATERIALS AND METHODS
17
Strains, growth and labeling.
18
E. coli strain AW405 (2) is wild-type for chemotaxis and swims vigorously. Strain 19 HCB1737 is isogenic with AW405 except for a single cysteine substitution in fliC 20 (S219C). The wild-type fliC allele of strain AW405 was replaced by the mutant allele 21 using the λ-Red system, described previously (22). This strain also swims vigorously.
22
Strain HCB1668 is a Tn5 fliC null derivative of AW405 in which fliC (S353C) is 23 expressed on the plasmid pBAD33 under control of the arabinose promoter, maintained 1 by addition to the growth media of kanamycin (50 µg/ml) and chloramphenicol (34 2 µg/ml). This strain swims and also swarms (19) Material. Strains HCB1737 and HCB1668 were cultured from single-colony isolates 5 from frozen stocks (-75°C), placed in 10 ml LB broth (10 g Bacto-Tryptone , 5 g Yeast 6 Extract and 5 g NaCl per liter) in 125-ml Erlenmeyer flasks, and grown to saturation at 7 30°C with gyration at 150 rpm. 1/100 dilutions of the LB cultures were made in 10 ml of 8 T broth (10g Bacto-Tryptone and 5g NaCl per liter) and grown in 125ml Erlenmeyer 9 flasks at 30°C with aeration by gyration at 150 rpm for 4 h to a cell density of ~4.1 x 10 8 10 cells/ml. For HCB1668, arabinose at 0.5% final concentration was added to the T broth.
11
Cultures were checked for motility using a phase-contrast microscope (Nikon Optiphot), 12 and washed with 10 ml aliquots of motility buffer (0.01M potassium phosphate, pH 7.0, 13 
10
-4 M EDTA, 0.067M NaCl) (MB) containing 0.0001% Tween-20 (MBT) by 12 min 14 centrifugation at 1,400 x g followed by gentle resuspension, 4 times, manipulations 15 spanning a period of 68 min. Then the cells were labeled with Alexa Fluor 488 16 maleimide dye, as described in (19) , for ~90 min rather than 60 min with double the 17 amount of dye, so that even very short filaments could easily be seen by fluorescence.
18
Once labeled, 2 ml of MBT was added to the cells, and the suspension was divided into final suspension of the pellets was in 2.5 ml of motility buffer, MB, without Tween-20.
14 Growth curves 15 The growth and labeling procedure described above was repeated in precisely the Microscopy.
21
Microscope slides and coverslips were used out-of-the box. Tunnel slides were 22 constructed using Scotch-brand double-sided sticky tape, by placing two layers of tape (Fig. 1A) , as indicated in the cartoon (Fig.   3 2): a, filaments that were both green and red; b, filaments that were entirely green; and 4 c, filaments that were entirely red. About 14% of filaments bearing green dye were More could be learned about these data by examining distributions binned according to 5 segment lengths, as shown in Fig. 4 (top row) . The distribution of green segments (Fig.   6 4A) was roughly normal with a mean of ~4.3 µm, but included a few filaments as long as phosphate buffers for about 4 h, followed by storage in growth medium at 7°C for about 5 14 h. The motility was checked along the way, and found to be maximal. But it was 6 important to know whether the two growth periods were equivalent. So we repeated the labeling one, and measuring growth curves for both without delay, using similar inocula. 14 The two growth curves were identical (data not shown), indicating that labeling did not 15 affect viability. To learn whether broken filaments continue to grow, half of the population of cells that 19 had been labeled green were subjected to viscous shear and then were treated in the 20 same way as the cells that were not sheared, as indicated in the cartoon (Fig. 2B) . 21 A scatter plot of the lengths of red segments versus the lengths of the green segments 22 from which they grew is shown in Fig. 3B . The cloud of points is no longer rectangular. 23 It has shifted to the left: there are many more points near the left boundary, and the right 1 boundary no longer extends beyond 7 µm. So it is evident that filaments were broken 2 by shear. The upper edge of the cloud now slants downward to the right. Again, more could be learned about such data by examining distributions binned 5 according to segment lengths, as shown in Fig. 4 (bottom row) . The distribution of 6 green segments (Fig. 4D ) was exponential, with the shortest lengths the most probable. The mean for this distribution is 1.6 µm, and the distribution only extends out to ~7 µm. distributions between a sample of a cell culture that had not been sheared (Fig. 4A ) with 21 one that had been sheared (Fig. 4D ) and then grown further (Fig. 4F) showed that 22 broken filaments continue to grow. There is a decline, albeit slight, for sheared filaments, Fig. 7 . It is linear but not steep, 7 and appears with both strains. We do not understand the reason for this decline. 
